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ABSTRACT 

The Tech/Ops-ASD Exploding Foil Hypervelocity Facility was used 
to investigate methods of accelerating spherical and cylindrical particles 
to velocities in excess of 60,000 ft/sec. Targets of 2024-T3 aluminum 
were bombarded with two sizes of Mylai, aluminum, and copper par- 
ticles. Since we discovered that some particle mass was lost during 
acceleration, a careful independent study was made to determine the par- 
ticle mass at the time of impact. 
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CHAPTER 1 

INTRODUCTION 

The purpose of Contract No. NAS1-2057 was to use the Tech/Ops-ASD Hyper- 
velocity Facility to demonstrate that single intact projectiles could be accelerated 
to speeds in excess of 60,000 ft/sec by means of electrically exploding wires and 
foils. Both spherical and disc-shaped projectiles were investigated. 

We contracted to carry out a series of at least eighteen target impacts for those 
experimental conditions that were successful. In particular, 2024-T3 aluminum 
targets were to be bombarded with glass, aluminum, and copper particles having 
masses ranging from 0 .1  mg to 18.2 mg. If possible, the particles were to be 
spheres 1/64 in. and 1/16 in. in diameter. Impacts were to be made in the following 
velocity regions : 

Between 15,000 and 20,000 ft/sec 

Between 25,000 and 40,000 ft/sec 

At the highest possible velocity above 50,000 ft/sec. 

An extensive research program of over 300 shots was accordingly carried out 
to study methods of accelerating spheres and small-diameter disc-shaped particles, 
Since our standard gun is normally used only for disc-shaped particles 114 in, in 
diameter, a number of special guns were designed for the spherical particles and 
for small disc particles (less than 1/8 in. diameter). (Each of the methods of par- 

ticle acceleration will be described in Chapter 4. ) Particle velocities were measured 
with a Beckman &Whitley Model 339B Continuous-Writing Streak Camera. 

We have found, in other work, that some mass is lost from the particle during 
acceleration to hypervelocity. Therefore , approximately 100 shots were fired in 
studies of momentum transfer to targets, to experimentally measure the particle 
mass just prior to impact. 

Since our interpretation of the data depends on the experimental methods used, 
we shall first describe the hypervelocity facility (Chapter 2) and the methods used 
to measure the particle velocity and particle mass (Chapter 3) before presenting the 
data (Chapter 4). Recommendations for future work will be made in Chapter 5. 
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CHAPTER 2 
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SYSTEM 

T H E  H Y P E R V E L O C I T Y  F A C I L I T Y  
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The Tech/Ops-ASD Hypervelocity Facility consists of an expendable, exploding- 
foil gun, an electrical energy-storage system, a vacuum system and associated 
diagnostic equipment: a Beckman &Whitley streak camera, a backlighting source, 
a Beckman &Whitley Dynafax camera, and crater-profile tracing equipment. A 
block diagram of the overall system is shown in Figure 1. 

/ 

/ ./ / ' ."/' ,. / /  J L  
I 

CAMERA 

Figure 1. Block Diagram of Hypervelocity System 

In operation, foil is placed in the breech area of the gun, which is exploded by 
an electrical discharge from the energy storage system. The hot gas generated by 
the explosion "punches" a particle from a Mylar diaphragm stretched across the 
accelerator tube and expels it from the gun. The particle then bombards the target, 
The diagnostic equipment records phenomena during impact, such as the light emitted 
and particle velocity. Other effects of target impact such as crater volume, are 
measured later with the profile tracing equipment. 
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A separate gun room houses the vacuum chamber and exploding-foil gun, to 
protect equipment and personnel from debris during the gun explosion. Figure 2 is 
a side view of the gun room showing the plastic window through which experiments 
are viewed and recorded by the Beckman &Whitley Model 339B Continuous-Writing 

Streak Camera. 

I 
I 
I 

We will now describe each component of this system in more detail. 
I 

.- 7 

Figure 2. The Gun Room 
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THE EXPLODING-FOIL GUN 

The "gun" used in these experiments consists essentially of an electrically 
exploded foil as the "explosive charge, " a solid plastic as the "breech, 
capillary tube as the "barrel. " A schematic diagram of one arrangement of the 
experimental gun is shown in Figure 3. 

and a plastic 

RUPTURE D I S C  
AND A C C E L E R A T E D  

s w  PAR T I C  L E 

VACUUM 
CHAMBER 

--- 

TARGET 

SOLID PLASTIC 
BREECH EXPLODING FOIL, MYLAR AND PROJECTILE 

ARE INITIALLY IN CONTACT 

C I 8 M I C R O F A R A D ,  
40,000 J O U L E S  

Figure 3. Schematic Diagram of Exploding-Foil Gun 

The electrical explosion is separated from the accelerator tube ("gun barrel") 
and vacuum chamber by a Mylar diaphragm (rupture disc), which confines the ex- 
plosion for a time interval approximately equal to the effective discharge time of 
the electrical circuit. The diaphragm then ruptures, forming a disc-shaped particle 
which fits the barrel very tightly and provides a good gas seal. The hot propellant 
gas then expands and expels the particle from the accelerator tube, which is mounted 
in a large glass vacuum chamber containing the target. 
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When plastic particle materials other than Mylar are used in the gun, the Mylar 
diaphragm is replaced by the plastic material. When metal particles a re  accelerated, 
electrical insulation must be provided between the metal diaphragm and the electrically 

exploding foil. We have found that a Mylar sheet 2 mils thick gives sufficient insu- 
lation. We believe that this film is mostly vaporized during the electrical explosion. 

The diameter of the gun barrel  can be varied, thereby varying the diameter of 

the accelerated particle. Barrel  diameters (inner) of 1/8 in. to  1/2 in. have been 
~Uccemfd~y- iised. Psr c $.e: p.rtlcl_e diameter? the particle mass can also be 
varied by changing the thickness of the "rupture disc. 

0.005 in. t o  0.050 in. have proved successful. 

I 

Disc thicknesses from 

Figure 4 shows an expendable gun in an unmounted position. This particular gun 
used a Mylar disc 0.010 in. thick. The inner diameter of the barrel  was 0.25 in. 
The foils extending from either side of the gun are  electrical connectors. 

\ 

/- 

Figure 4. Exploding-Foil Gun 
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Figure 5 shows the vacuum chamber. It is constructed of doubly tough pyrex 

glass, 6 in. in diameter, and is connected to a vacuum system capable of evacuating 

the chamber to  an ambient air pressure of loe5 Torr .  A copper pipe, 4 in. in 

diameter, extends from the vacuum chamber to the vacuum system outside the gun 

room. The vacuum chamber is viewed from the rear entrance door of the gun room 

in this picture. The gun is inserted through the metal flange on the right side of the 

chamber. 

Figure 5. Vacuum Chamber, Rear View (IOe5 Torr Pressure) 

VACUUM SYSTEM 

The vacuum system, a standard 4 in. commercial system, consists of a mechan- 

ical fore pump, a diffusion pump, a gate valve, and a 4 in. pipe. To  this system we 
have added a liquid-nitrogen cold t rap near the vacuum chamber. A schematic dia- 
gram of the vacuum system is shown in Figure 6. 
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SYSTEM 
GATE 
VALVE 

MECHANICAL 
COLD DIFFUSION 
TRAP 

Figure 6. Block Diagram of the Vacuum System 

THE ENERGY STORAGE SYSTEM 

In the past, chemical explosive systems have been primarily used in ballistics 
research. In our system, we have substituted electrical for chemical explosions, 
since electrical explosions give greater control over energy input and generate 
higher energy densities in the propellant material. The resulting high temperatures 
enable us  to  obtain higher particle velocities than in conventional chemical guns. 

The energy storage system consists of two banks of capacitors of the best avail- 
&le cciiji-riercid type. Each bank is a paraiiei connection of eight 1 pF capacitors, 
with each capacitor capable of storing 5,000 J of electrical energy at a potential of 
100 kV. The capacitors are guaranteed to  last for 1000 shots at full energy when 
discharged through a load for which the peak-to-peak voltage across the capacitor 
during discharge does not exceed 180 kV. The capacitors are guaranteed for an 
additional 10,000 shots when charged to  50 kV. At this voltage, the capacitors store 
1250 J each. Since we expect to fire this facility greatly in excess of 1000 shots over 
a period of several years , we have given the capacitor bank a rating of 10,000 J at 
50 kV. The estimated effective discharge time for the system when coupled to  a 
matching resistive load is 5 psec. 
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Figure 7 is a schematic diagram of the equivalent electrical circuit. Energy 
stored on the energy storage bank, C, is discharged through the hypervelocity-gun 
load transducer, RL, when the reduced-pressure switch, SW, is triggered by pump- 

ing air from it, thereby reducing the dielectric strength of the residual air. (An 
electronically triggered switch will be installed. ) The capacitor, C, in Figure 7 

I- 
C = 8 p F  100 kV, 16 p F  100 kV, o r  4 p F  200 kV 

RL(t) = time-dependent exploding- foil resistance 

Figure 7. Equivalent Electrical Circuit of Pulsed Power Source 

represents a single capacitor bank (8 pF 100 kV), a parallel connection of two capaci- 
tor banks (16 p F  100 kV), or  a series connection of two capacitor banks (4 p F  100 kV). 
For a single capacitor bank, the effective discharge time is approximately 5 psec. 
Since a substantial part of the total circuit inductance is located in the gun and its 
connecting leads, the parallel connection of two banks gives a somewhat slower dis- 

charge than a single bank, and a series connection gives a slightly faster discharge. 

Figure 8 shows the energy-storage system with the component parts indicated. 
Parallel-plate connectors with Mylar insulation between the plates (a good method 
of connecting capacitors of this type) a re  used. Figure 9 illustrates the location of 
the energy-storage system relative to the gun room, gun vacuum chamber, vacuum 
system, and streak camera. 
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Figure 8. Energy-Storage System 

DIAGNOSTI C E QUI PME N T  

The diagnostic equipment consists of ii Bec'mxiz !k Whitley Model 399B Continuous- 
Writing Streak Camera, a backlighting source, a Beclunan & Whitley Dynafax Framing 
Camera, and crater-profile tracing equipment. The streak camera and the back- 

lighting source record the details of the initial explosion and the performance of the 

exploding-foil gun, and yield measurements from which particle velocities are deter- 
mined. The Dynafax camera is used for dynamic studies of target impacts (i.e. , 
recoil velocity of target in a frictionless mount), and the crater-profile tracing equip- 

ment is used t o  study the final results of impact. 
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Figure 9. Equipment Location in Hypervelocity Laboratory 

STFlEAK CAMERA 

The Beckman &Whitley streak camera is a research instrument employed in 
the study of high-speed events. The camera transcribes (on 35 mm film) information 

which is a variable density record of the illumination falling upon a slit as a function 
of time. The film is stationary and is swept by the traveling slit image reflected by 
a rotating mirror. The image of the event is placed on the slit aperture by the 
objective lens. The internal relay optics are of first-surface mi r ro r  construction 
and give highest resolution to  the image reflected onto the curved film track by the 
rotating mirror in the evacuated body of the camera. 
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The internal optical system of the camera reduces the image by a factor of 2. 

We a re  presently using a 12-mil slit. For this slit, the time resolution at the max- 

imum writing rate of 9.1 mm/psec is 1.6 x sec. 

The rotating mir ror  is an aluminized, three-face, optical-quality beryllium 

mirror  driven by a turbine. Nitrogen gas drives the turbine to a maximum speed 

of 2600 rps ,  giving a maximum writing rate of 9 .1  mm/psec on the film. Air  friction 

is greatly reduced by evacuating the entire camera housing to a vacuum of 1.5 in. 

of mercury. The camera is operated from ri i'eiii&tz zs~t rs !  llnit vhich contains the 

turbine and shutter controls and an electronic counter. The counter gives a direct 

read-out of turbine speed in revolutions per second. Figure 10 shows the streak 

camera set-up to view the exploding foil gun through the plastic window in the gun 

room. 

Figure 10. Beckman &Whitley Model 339B Continuous-Writing 
Streak Camera 
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DYNAFAX FRAMING CAMERA 

The Beckman &Whitley Dynafax Camera in Figure 11 is used primarily for 

observing slow moving events associated with target impacts. It has a maximum 
framing rate of 25 , 000 frames/sec. 

Figure 11. Beckman &Whitley Dynafax Framing Camera 

CRATER MEASURING DEVICE 

Figure 12 shows the device used to  measure the depth and diameter of the target 
craters  resulting from hypervelocity impact. It consists of a precision micrometer 
crossfeed table and long-reach dial indicator that permit depth measurement to 

within 0.001 in. and diameter measurements, in two directions, to within 0.0001 in. 
3 Volume measurements are made with micropipettes t o  within 0.001 cm . 
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Figure 12. Crater-Profile Tracing Equipment 
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CHAPTER 3 

M E A S U R E M E N T  M E T H O D S  

VELOCITY MEASUREMENTS 

Incident particle velocity is determined with a Beckman &Whitley Continuous- 
Writing Streak Camera, in which horizontal displacement is recorded as a continuous 

function of time. Since the gun is fired vertically in this experiment, the optical 

beam must be rotated through an angle of 90 by using a system of mirrors .  The 

streak camera and beam rotator are shown in Figure 13. Also shown in the picture 

is a 25,000 frame/sec continuous-writing framing camera, which is used for target 
recoil studies. 

0 

Figure 13. Streak Camera, Beam Rotator, and Framing Camera 
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With the streak camera, it is possible to obtain time resolutions of 9 .1  mm/psec 
in a well-lighted field, and since this experiment uses a very intense plasma as  a 
particle propellant, velocities a r e  recorded on well-exposed, highly resolved photo- 
graphic films. More than 3000 streak films have been analyzed during the develop- 
ment of this experiment, and it is unreasonable to expect an analysis e r ro r  of more 
than 2-1/2% for a well-exposed film. 

PARTIC LE MASS MEASUREMENTS 

To determine the impacting mass of a particle fired in our gun, momentum- 
transfer measurements must be made, since it is impossible to weigh the actual 
particle either before o r  after the shot. In our standard projection technique 
(Chapter 2), a disc-shaped particle the same size a s  the "gun barrel" is punched 
out of a Mylar diaphragm of uniform thickness. After a shot, a perfect disc-shaped 
hole is found in the recovered remnant of the larger piece, and the uniformity of the 
impact indicates that the explosion breaks out a single, uniform, disc-shaped particle. 
However, during the few microseconds that the disc is accelerated, it is subject to 
extreme temperature gradients and "barrel friction, It and it is reasonable to expect 
that some ablation could take place early in the acce€eration phase. To determine 
the extent of any possible particle mass losses, a method of measuring the momentum 
transfer of the particle has been implemented. 

It had been suggested that this momentum might be measured with a ballistic 
pendulum, but when the difficulties involved in data measurement, c c ? ~ ~ p n c ~ t f n r ?  for 
background, and late time effects peculiar to this gun were evaluated, the more 
direct technique of measuring target-recoil velocity was chosen. A primary consider- 
ation in this choice was the necessity to eliminate the air inrush caused by the break- 
down of the vacuum in the gun chamber after each shot. The reaction time for a 
ballistic pendulum is longer than the time it takes the air inrush to reach the target 
( M 10 - 20 ms), and the only way to eliminate these a i r  effects is to enclose the 
entire operation in a fairly large vacuum chamber. Such a facility modification was 
not practical for this contract, and with a properly designed target-recoil system, 
air inrush is not a serious problem. A fast-rising ( < 5 psec), short-duration 

( M  5 ms) target backlighting source completely eliminates this effect from the 
experiment. 
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The method chosen for the target recoil studies features a low density target 
designed to trap the momentum of a particle of a given mass and velocity. This 
target design (see Figure 14) uses a very light canister that is filled with a predeter- 
mined number of thin aluminum sheets (0. 005 in. - 0.010 in. ) and relatively thick 
Styrofoam absorbers, The weight of these targets can be varied from 1 to 20 g as 
the particle material and velocity range is changed. 

The open end of the target is covered with a thin foil Mylar laminate (0.003 in: 
total thickness) that allows the particle to enter the target easily but is strong enough 
to eliminate target-mass losses during impact and to trap any recoil momentum 
(except for that lost out the small hole through which the particle enters) resulting 
from flash vaporization and hydrodynamic blowoff. At each interface the particle 
loses some mass a s  vapor and small fragments, and these are captured by the 
absorbing material, 

By this technique, the normal momentum is conserved without introducing ad- 
ditional accelerations. 
than 2 ms over distances of about 2 cm. The target velocities are measured with a 
Beckman & Whitley Dynafax Framing Camera, which can take 224 well-resolved data 
frames in times as short as 9 ms (see Figure 15). 
magnified 20 times, and 98% accuracy is possible in target velocity determination. 

Measurements are taken in the vertical direction in less 

For analysis, each frame is 

If a target velocity of 1290 cm/sec were measured for a 13, OOg target, this 
4 would correspond to an incident momentum of 1.68 x 10 g cm/sec. Given a mea- 

sured particle velocity of 50, 000 ft/sec, the calculated mass would be 11 mg if 
perfect efficiency were assumed, There will  be some losses in momentum transfer 

and slight e r ro r s  in incident velocity measurement ( ~ t .  2.5%) but an accuracy of i t s %  
can be achieved. Uncontrollable differences in the construction of the individual 

guns makes it difficult to predict exactly what the velocity, mass, o r  momentum will 
be for a particular shot, but large numbers of shots and careful measures taken to 
ensure uniformity permit a valid statistical evaluation of data. 
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At the present time, particle mass is determined from the momentum transfer 

equation in the form 

where 

m = particle mass 

M = the weighed target mass 

V = the target velocity measured from framing camera picture 

v = the incident particle velocity measured from streak 
pictures. 

In this form no effort is made to compensate for target mass losses, o r  the 
initial explosive reaction occurring when the particle first enters the target. These 
effects are small and very difficult to evaluate exactly, but any correction for them 
would reduce the calculated particle mass by some small and near constant factor. 

To assure that propellant plasma and other debris were not affecting the measure- 
ment, "background" shots were fired. The guns were identical in all respects with 
those used in shots described above, but no particle was loaded into the gun, In all 
cases, the momentum of the plasma was lower than that of the particle by a factor 
of 10, although the plasma velocities were 2 to 3 times faster than the highest par- 
ticle velocities. 

Additional shots were fired when the target for measuring impacting mass was 
located only 1 cm from the end of the gun barrel. Under these circumstances, the 
target is bombarded by the particle plus all the propellant gas. We obtained an 

impacting mass that was approximately equal to the initial particle mass in these 
measurements. Since the mass of the exploding foil is negligible compared to that 
of the particle, we can account for all the mass before the particle was vaporized. 
This measurement supports our particle-velocity measurement. 
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~n OW effort to duplicate the particle masses specified in the contract - 0.1 mg 
to 18.2 mg - we assumed that the impacting mass of the particle would be in a con- 
stant proportion to the initial mass. However, our target recoil measurements 
showed that this is not the case. A copper disc that originally weighed 37.9 mg lost 
nearly 80% of its initial mass as  vapor before hitting the target. A similar aluminum 

disc lost 55%, and a Mylar disc 45%. Shearing properties, elasticity, vaporization 
energy, confinement time, and several other factors enter in a complex way to yield 
the differences in mass loss percentage. 

For each particle material, sufficient numbers of shots were fired under identi- 
cal  circumstances to determine a valid statistical value for the impacting mass of the 
particle. Each of these shots was evaluated carefully to eliminate doubtful impact 
velocities, possible particle breakup, and other irregularities. The masses for the 
particles fired, as calculated by the method indicated above, are given below in 
Table 1. The number of shots, average mass, and the mean square deviation are 
also included. 

TABLE 1 

SUMMARY OF PARTICLE MASS MEASUREMENTS 

(in. ) 

Aluminum 0.250 0.005 

L 
0.250 0.005 

0.120 0.005 
Copper 

0.250 0.010 

0.125 0.010 
Mylar 

Initial Mass 
(mg) 

13.0* 

37.9* 

8.20* 

11 .0  

2.75 

Impacting Mass  
( m a  

6.04  f 0.545 

6.98 f 0.890 

1.64 f 0.16 

6.06 = 0.126 

1.43 f 0.022 

Number of Shots 
Averaged* 

9 

26 

17 

13 

* 
Includes 0.002 in. insulation. 
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CHAPTER 4 
E X P E R I M E N T A L  R E S U L T S  

METHODS OF PARTICLE ACCELERATION 
The acceleration of spherical particles and discs having diameters less than 

1/8 in. required the development of a number of gun geometries in addition to the 
standard gun shown in Figure 3.  

SPHERICAL PARTICLES 

The conventional gun geometry for spherical particles shown in Figure 16 is 

very similar to our standard gun. The rupture disc is replaced by a thinner insulat- 
ing disc (Mylar 2 mils thick), and a spherical particle is glued to the front surface 
of the disc. The spherical particle fits loosely in a reamed plastic tube. This geo- 
metry has several disadvantages relative to our standard gun. One disadvantage is 

barrel  friction and propellant gas leakage past the particle. Another is the larger 

THIN MYLAR 
INSULATING 

DISC 

\ 
GLUE 

SPHE RI  CAL 

VACUUM 
CHAMBER 

CCELE R ATOR 
EXPLODI NG 

_-- 

STREAK CAMERA 
SLIT POSITION 

Figure 16. Conventional Gun Arrangement 
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mass per unit area of the particle, without increased energy per unit area of the 

propellant gas. The "challenge" of this arrangement is to increase the propellant 
gas temperature and energy density. 

Figure 17 shows a second gun geometry that was used for the projection of 

cept that a small spherical particle is glued to the front surface of a sabot, 1/4 in. 
in diameter and 10 mils thick. (The sabot is the particle in our standard gun.) A 
steel aperture plate is used to stop the sabot and allow the particle to pass through. 

spk=l,riec,! peuic!cs. Her=l, bssic ge9met-y ic +e p m ~  2s " 1 ,  ~ t ~ ~ d r l d  min PY- D-- --- 

10MIL THICK 
MYLAR RUPTURE 

DISC 

SPHERICAL 
PART 1 CLE 

I I %;' DI A METER I VACUUM 
CHAMBER 

EXPLODING TARGET 
FOIL  

C 
\ 

BREECH 

S L I T  POSITION 
APERTURE 

PLATE 
GLUE 

Figure 17. Saboted Spherical Particle Gun Arrangement 

DISC PARTICLES 

Normally, our standard gun is used only for particles that a r e  disc-shaped and 
1/4 in. in diameter. To accelerate particles having diameters less than 1/4 in., a 
circular groove about 5 mils deep and with a diameter equal to the inner diameter of 
the barrel  is cut in the rupture disc. This configuration is used for particle dia- 
meters between 1/8 in. and 1/4 in. 
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The geometry shown in Figure 1 8  is used for disc-shaped particles having dia- 
meters less than 1/8 in. The arrangement is the same as the standard gun except 
that a sharpened steel tube is placed against the rupture disc to punch out the disc- 

shaped particle. If the rbpture disc is metal, it is insulated from the electrical 
explosion with 2 mil Mylar sheet. The geometry has been used for particle diameters 

as small as 0.080 in. 

FILLER 

VACUUM 
CHAMBER 

EXPLODING 

SLIT POSITION 

c 

Figure 18. Special Gun for Small-Diameter, Disc-Shaped Particles 

TARGETIMPACT 

SPHERICAL PARTICLES 

The research program on spherical particles was initiated with the gun shown 
in Figure 16. Numerous shots were fired using thick lead targets and spherical 
particles of copper and glass with the following diameters: 1/64 in., 1/32 in., 
1/16 in. Wires and foils were exploded. Particle velocities were measured with 
the streak camera using methods described in Chapter 2. We investigated this gun 
to the limit of particle disintegration for each breech arrangement. Maximum par- 
ticle velocities of approximately l o ,  000 ft/sec were observed before particle dis- 
integration. 

22 B U R L I N G T O N  e M A S S A C H U S E T T S  



Difficulties in obtaining higher particle velocities with this geometry can be 
attributed to: 

1. Difficulties in efficiently coupling the small area foil (or wire) 
transducer to the electrical system 

2. High peak-pressure transients generated when the small mass 
load transducer is vaporized (this caused particle breakup) 

3. Barrel friction 

4. Susceptibility of spherical particle geometry to breakup dur- 
ing short -duration pulse, s t ress  loading. 

Because of the difficulties encountered with this gun design in obtaining the de- 
sired velocities, we investigated the one illustrated in Figure 16. This gun is a 
modification of our Wandard gun. It The modified gun has a spherical particle glued 
to the front surface of the rupture disc, o r  sabot. After acceleration through a 
distance d, the sabot is stopped by a steel aperture plate. The accelerated particle 
passes through the aperture plate and impacts the target. The distance d, while as 
large as possible, allows the particle to pass through reliably. 

We expected this to be a good way of accelerating particles, since we have had 
good success in accelerating the rupture disc, or  sabot, in other experiments. For 
some time, it appeared that we were having very good success with this arrangement. 
Sabot velocities in excess of 50,000 ft/sec were observed, and good single-particle 
impacts in thick lead targets were obtained. However, an analysis of many craters 
from these impacts indicated that the crater volumes were smaller than expected 
when compared with other cratering data that we have taken in the velocity range 
from 40,000 to 60,000 ft/sec. These results a r e  not conclusive, however, since the 
c ra te rs  made by the spherical particles were very small, and the crater volume was 
calculated from the measured crater diameter. We assumed that the craters  were 
hemispherical in shape. 

Within the scope of this study, we could not put further effort into this work. 
There are several difficulties involved in such investigations. First, there is a good 
chance that the particle is shock-launched away from the sabot before the sabot 
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is accelerated. If this occurs, the particle will be accelerated to a velocity that is 
probably much lower than that of the sabot, Or  the particle may be properly accel- 
erated with the sabot, but may be slowed down when the sabot is stopped. Our 

method of measuring the particle velocity assumes that the particle has the same 
velocity as  the sabot. If it does not, we do not presently have a method for measur- 
ing the particle velocity. 

This method could be effectively improved in the following ways: 

1. Establish methods of measuring particle velocity independently 
of plasma o r  sabot. 

2. Carry out additional saboting studies, possibly using a conven- 
tional sabot in which the particle is clamped between restrain- 
ing parts,  

DISC -SHAPED PARTICLES 

All the experimental particle-impact data presented in this report were obtained 
by impacting disc -shaped particles on 2024-T3 aluminum targets. For disc-shaped 
particles with diameters of 1/4 in. , we used our standard gun geometry. For disc- 
shaped particles having diameters less than 1/4 in. , the geometry shown in Figure 17 
was used. For all cases, the particle mass just prior to impact was experimentally 
measured as described in Chapter 3. 

The data for all shots a r e  presented in Tables 1 to 3. For those conditions where 
sufficient data were obtained to plot curves, we have done so. 

Mylar Particles Bombarding 2024-T3 Aluminum Targets 

The data for Mylar particles bombarding aluminum targets a r e  given in Table 2. 

We have tabulated the shot number, the particle shape and mass, the particle velocity, 
the crater volume, the ratio of crater volume to particle mass, and the crater  depth. 

The particle mass was measured by the methods described in Chapter 3. A 
large number of shots were fired (up to 25) and the values of the measured mass were 
averaged. The root mean square deviations were then calculated and these are given 
in Table 1. By firing at least 25 shots, the statistical deviations are reduced to 
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TABLE 2 

SUMMARY OF MYLAR PARTICIX IMPACT DATA 
ON 2024-T3 ALUMINUM TARGETS 

Shot I Velocity Crater - vc Crater 
NO. I icmj 

~ ~~ 

Mylar Disc: 0.0250 in. diameter, 0.010 in. thick, 
6.06 f 0.126 mg mass 

2758 
2761 
2762 
2764 
2769 
2772 
2852 
2853 
3 239 
3270 
3271 
3272 
3273 
3274 

3275 

3.82 
3.61 
2.76 
4.10 
3.65 
2.86 
3.30 
4.25 
4.40 
6.20 
5.20 
5.95 
5.30 
4,20 

5.55 

0.033 
0.041 
0.031 
0.050 
0.048 
0.026 
0.024 
0.027 

0.054 
0.068 
0.045 
0.070 

0.042 
0.052 
0.057 

5.45 
6.75 
5.1 
8.25 

7.9 
4.3 
3.96 
4.45 
8.9 

11.2 
7.4 

11.5 
6.9 
8.6 
9.4 

0.284 
0.353 
0.236 
0.376 
0.410 
0.310 
0.270 
0.394 
0.266 
0.330 
0.231 
0.394 
0.415 
0.295 
0.354 

Mylar Disc: 0.125 in. diameter, 0.010 in. thick, 
1.43 f 0.022 mg mass 

I I I 1 

3278 
3282 

5.55 
5.20 

0.190 
0.235 

3283 I 4.90 I 0.308 
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a few per cent in all cases. This method does not take into account possible system- 
atic errors that might be present. Two such possible systematic e r rors  are: 

1. Loss of target mass in the vacuum chamber prior to particle 
bombardment 

2. Loss of blow-off momentum through the hole in the special 
target. This would cause our measurement of particle mass 
to be high. 

In Figure 19, we plot the crater volume as a function of particle velocity for 
two sizes of Mylar particles. The top curve is for 6.06 mg particles and the bottom 
curve is for 1.43 mg particles. There is quite a bit of deviation of individual points 

PARTICLE 

RATIO 

0 

MYLAR DISC 

OF CRATER VOL = 4 8 

FACTOR OF 
4 8  

0 

MYLAR DISC 
0.125'' DIA 

0.010'' THICK 
MASS=1.43 t.022 MG 

PARTICLE VELOCITY FTISEC X I 0  ( 3, 

Figure 19. Crater Volume as a Function of Particle Velocity for 
Mylar Particles Impacting 2024-T3 Aluminum Targets 
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about the curves that have been drawn. These deviations can be attributed primarily 
to the following factors: 

1. 

2. 

3. 

4. 

Front-surface spalling from the target. The amount of spalling 
might vary from shot to shot under similar impact conditions, 

Measurement of crater volume. An e r ro r  of about 5% can be 
attributed to this operation. 

Measurement of impacting mass at the present time. A 
statistical deviation of several per cent is likely. 

Measurement of particle velocity. The actual e r ro r  in taking 
data from the film is only about 2.5%. Uncertainties in 
interpreting the film might raise the figure to about 20%. 

It is interesting to note that the two curves shown in Figure 18 are separated in 
crater  volume by a factor of 4.8. The measured ratio of impacting particle mass is 
4.25. 

Given the present state of the art in the field of hypervelocity impact phenomena, 

I it is difficult to compare our data with that of other researchers in the field. Dif- 
ferences in conditions such as: 

1. Projectile mass, shape, and composition 

2 .  Target composition 

3. Projection methods 

make exact comparisons difficult. For small particles, even the surface treatment 
of the target could affect the cratering results. 

However, we have made an attempt to compare our data with that taken at the . I Naval Research Laboratory and published recently. 
were copied from Ref, 1 and a r e  presented in Figure 20. These data are the nearest 
to ours, in terms of particle velocity and target composition that we have readily 
available. Figure 20 shows a plot of crater volume vs  particle kinetic energy for 

The data used for comparison 

3. S. M. Halperson and W. W. Atkins, "Observations of Hypervelocity Impact, " 
Proceedings of the Fifth Symposium on Hypervelocity Impact (ApriZ,1962) vol. 1, pt. 2. 
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Figure 20. NRL Observations of Hypervelocity Impact 
(Reprinted b j  Permission) 

aluminum and Mylar spheres impacting 2014 aluminum targets. The data extend 
to a particle velocity of approximately 5 . 2  km/sec (18,000 ft/sec) . We have trans- 
ferred the data from Figure 19 to Figure 21  by taking points from the solid lines, 
and converting the information for plotting Crater Particle maSS vs  particle velocity. 

We transferred our data in a similar manner from Figure 19 .  

In comparing the data in Figure 21, we notice that NRL used 2014 aluminum 
targets, while we used 2024-T3 aluminum targets. The upper NRL curve is for 
aluminum particles and the bottom curve is for Nylon particles. Nylon particles 
should produce results similar to those for Mylar. 

The depth of penetration measurement tabulated in Table 1 shows more 
variation than the crater volume measurement. This is due to the possibility that 
penetration is more sensitive than crater volume to particle orientation at the 
time of impact. In Figure 22, we have plotted the raw penetration data. Then we 
have averaged the circled points to obtain the square point shown in each circle. 
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PARTICLE VELOCITY 

Figure 21. Comparison of Tech/Ops Data with MIL Data 
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Figure 22. Depth of Penetration of Mylar Particles 
Bombarding 2024-T3 Aluminum Targets 

Aluminum and Copper Particles 

In Table 3, we have tabulated the results for aluminum particles impacting 
2024-T3 aluminum targets. Sufficient data were not obtained for plotting. As 
before, we have tabulated the shot number, the particle velocity, crater volume, 
and crater depth. 

In Table 4, we have tabulated the results for copper particles impacting alumi- 
num targets. Sufficient data were not available for plotting. 
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TABLE 3 

SUMMARY OF ALUMINUM PARTICm IMPACT DATA 
ON 2024-T3 ALUMINUM TARGETS 

2750 
28 21 
2822 
2823 
2825 
2830 
2836 

Velocity 
(ft/sec x 
104) 

shot 
No. 

4.25 0.021 0.318 
4.43 0.013 0.374 
4.45 0.028 0.272 
5.10 0.030 0.353 
4.28 0.034 0.330 
4.96 0.028 0.330 
3.72 0.020 0.300 

2801 

TABLE 4 

SUMMARY OF COPPER PARTICLE IMPACT DATA 
ON 2024-T3 ALUMINLTM TARGETS 

3.61 0.023 0.318 

shot 
No. 

2804 
2809 
2811 

4.40 
4.63 
3.81 

0.018 
0.018 
0.024 

0.282 
0.190 
0.267 

2814 I 3.52 I 0.019 I 0.188 

Copper Disc: 0.120 in. diameter, 0.005 in. thick, 
1.64 f 0.16 mg mass 

2873 
2882 
2894 
2898 

2.78 
3.32 
3.26 
1.73 

0.006 
0.008 
0.007 

0.005 

0.160 
0.152 
0.127 

0.137 
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CHAPTER 5 

CONC LUSIONS A N D  RECOMMENDATIONS 

While the experiments that were made to accelerate spherical particles were 
not sufficiently useful to carry out the required target impacts, we have had good 
results with disc-shaped particles. However, at least one of the methods of pro- 
jecting spherical particles appears to be promising for further investigation. Better 
diagnostics than we presently have available will be required for this work. Disc- 
shaped particles having diameters a s  small as 0.080 in. have been successfully 
impacted. We recommend the use of small diameter discs for small mass particle 
work in the near future. Meanwhile, the difficulties encountered in accelerating 
spherical particles can be overcome. 

For all work of the type reported here, a very intensive program of particle 
mass and velocity diagnostics are advisable. 

We would like to initiate a program with objectives similar to those of this 
study but of sufficient magnitude to accomplish the following: 

1. Fire sufficient numbers of shots to apply statistical analysis 
methods . 

2. Carry out more extensive diagnostic measurements of particle 
mass and velocity so that the reliability of each data point is 
improved. 

3. Extend the particle velocities to higher and lower values. 
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